Regrowth of aminoglycoside-resistant variants was seen when large inocula of two strains of Escherichia coli were incubated with gentamicin in concentrations well above their MICs (0.5 ,ig/ml). The extent of the selection of resistant variants was proportional to the concentration of gentamicin during incubation; after incubation with gentamicin (22 ,ug/ml for 24 h), all bacteria were resistant to at least 8 ,ug/ml. Bacteria resistant to these concentrations always formed small colonies, whereas variants resistant to lower concentrations (1 to 2 ,ug/ml) could form both small and normal colonies. The regrowth of resistant variants could be monitored by luciferase assay of intracellular ATP in cultures incubated with gentamicin (c2 ,ug/ml). In cultures incubated with higher concentrations, regrowth did occur, although this did not result in viability (CFU per milliliter) or ATP levels above those of the initial inocula. The implications of this regrowth for MIC determinations in broth and the possible clinical revelance of the resistant variants are discussed.
The endpoint in MIC determinations, i.e., visible growth after overnight incubation, is the net result of a series of possible events occurring during a long period of incubation (9) .These events include the initial killing of bacteria, liberation of enzymes that degrade the antibiotic, pH and other media changes that affect the activity of the antibiotic, and finally the possible regrowth of bacteria that have survived the exposure to the antibiotic. All of these factors may differ among different bacteria and antibiotics and are in general difficult to control.
Regrowth of bacteria is seen quite frequently when gramnegative enteric bacteria are exposed to aminoglycosides (5) . This regrowth seems to be due to the selective multiplication of resistant variants that are present in a low frequency in the initial inoculum (5, 14, 25) . Such a regrowth obviously complicates the interpretation of MIC determinations performed in broth. The phenomenon could account for some of the following discrepancies observed in MIC determinations against aminoglycosides: (i) different MICs obtained by rapid methods and conventional methods with overnight incubation, (ii) different MICs obtained in broth and solid media (which may also be due to differences in cationic content [26] ), and (iii) the pronounced effect of inoculum size on the MIC.
The demonstration of regrowth by viable count is cumbersome. The possibility of monitoring the regrowth by the firefly bioluminescence assay of intracellular ATP (24) was therefore explored. Intracellular bacterial ATP increases concomitantly with viability (CFU per milliliter) (18, 19) , and the assay of intracellular ATP is therefore a sensitive method for monitoring bacterial growth.
In this work the quantitative aspects of regrowth in aminoglycoside-exposed cultures was studied by determination of viability combined with population analysis and also by assay of intracellular ATP. (ii) Disk diffusion. Disk diffusion assays were performed with 30-,ug gentamicin disks on paper disk method-antibiotic susceptibility medium (PDM-ASM) (AB Biodisk, Stockholm, Sweden) by the method of Ericsson and Sherris (3).
(iii) Macrotiter. Gentamicin was diluted serially in Mueller-Hinton broth (8 to 0.50 p.gIml), and 0.5-ml samples of these dilutions were added to groups of 10 parallel tubes.
An overnight culture was diluted to 107, 106, and 105 CFU of bacteria per ml, and 0.5-ml samples of these inocula were released beneath the surface of the antibiotic-containing broth. The tubes were not agitated to avoid the possibility that bacteria adhering to the vessel wall above the meniscus might escape antibiotic action (23) . The tubes were incubated overnight at 37°C, and the number of tubes within each group with visible growth was recorded.
(iv) Time kill curves and population analysis. Overnight cultures were diluted in Mueller-Hinton broth to approximately 107 CFU of bacteria per ml, and 0.5 ml was added to 0.5 ml of Mueller-Hinton broth containing the indicated concentration of gentamicin. The cultures were incubated at 37°C without agitation for different periods of time as specified. At the end of incubation the tubes were thoroughly mixed, and 0.1-ml portions were removed and diluted serially in 0.9-ml samples of physiological saline. Three drops (containing 25 ,lI) from appropriate dilutions were dropped on PDM-ASM agar or PDM-ASM agar containing different concentrations of gentamicin (0.25 to 8 pLg/ml).
The drops were allowed to dry at room temperature, and the plates were incubated overnight at 30°C. The numbers of colonies were counted, and the plates were then reincubated In the case of plates with very few colonies, the minimum mean number used for this calculation was 1 colony per drop. The numbers of colonies on the plates containing gentamicin were taken as a measure of the bacteria resistant to that particular concentration of the aminoglycoside.
Bioluminescence assay of intracellular bacterial ATP. The analytical reagents, the analytical-equipment, and the method for determining intracellular ATP were as detailed elsewhere (13) . RESULTS MIC determinations. The gentamicin MICs determined by broth microdilution (Sensititre) were the same for the E. coli strains 0N2 and LU110. The MICs obtained at 107 CFU of bacteria per ml were 2 ,ug/ml, whereas those obtained at the recommended densities (105 to 106 CFU/ml) were 0.25 to 0.50 ,ug/ml. These latter values are in agreement with those obtained by extrapolation from the disk diffusion test: 0.38 ,g/ml for both strains. However, the same pattern of an initial killing followed by a considerable regrowth was observed in all cultures incubated with gentamicin at c2 jig/ml. In cultures incubated with 4 and 8 jig/ml, the amount of intracellular ATP fell below the detection limit (10-10 M) at 24 h.
In Fig. 2b the results in Fig. 2a are displayed as log intracellular ATP versus concentration of gentamicin. At 3 and 6 h the levels of intracellular ATP in cultures incubated with 0.5 ,ug or more of gentamicin per ml were lower than the level of the initial inoculum. If prevention of growth above the level of the initial inoculum is taken as a general endpoint in MIC determinations, the MICs obtained by assay of intracellular ATP would be 0.5 ,ug/ml at these time intervals. After 9 h the MIC had shifted to 1 p.g/ml, and after 24 h it had shifted to 2 ,ug/ml. A similar pattern-MICs of 0.25 to 0.50 ,ug/ml at 6 h and 2 ,ug/ml at 24 h-was seen in several experiments with E. coli ON2 and LU110 incubated with gentamicin, tobramycin, and netilmicin. In none of these experiments could regrowth above the level of the initial inoculum be recorded by assay of intracellular ATP after incubation with aminoglycoside concentrations of 2 ,ug/ml or more.
Population analysis. The results of population analysis in a representative experiment where E. coli ON2 was exposed to 1 and 4 ,ug of gentamicin per ml are shown in Fig. 3 . In the original inoculum (_107 CFU/ml), bacteria at about 103 CFU/ml were resistant to 0.5 ,ug/ml, and bacteria at about 102 CFU/ml were resistant to 1.0 ,ug/ml. No bacteria resistant to higher concentrations were observed. After 2 and 24 h without gentamicin the numbers of bacteria increased, and in these populations small numbers of bacteria resistant to up to 8 jig of gentamicin per ml were recorded. However, the shape of the histogram was quite similar for the 0-, 2-, and 24-h populations, indicating an even growth of the whole bacterial population. In the culture incubated for 2 h with 1 ,ug/ml there was a selective elimination of bacteria susceptible to the lower concentrations of gentamicin. Between 2 and 24 h the bacterial numbers increased to about 108 CFU/ ml, and a great proportion of the bacteria present at 24 h were resistant to 1 ,ug or more of gentamicin per ml. When the bacteria were incubated with 4 ,ug of gentamicin per ml, no resistant variants were seen at 2 h, probably because they were present in numbers that were below the level of detection. At 24 h the selection of resistant variants was very pronounced-all bacteria present at 24 h were resistant to 8 ,ug of gentamicin per ml. However, the regrowth was not as extensive as in cultures incubated with 1 pLg of gentamicin per ml and did not result in visible growth or levels of intracellular ATP above that of the initial inoculum (Fig. 4) even after prolonged incubation (48 h) (data not shown). This shows that regrowth can, in fact, also occur during incubation with rather high concentrations of the aminoglycoside. However, this regrowth will not affect the MIC as determined by either visual inspection or assay of intracellular ATP.
The frequencies of variants resistant to different concentrations of gentamicin in cultures with and without gentamicin are shown in Fig. 5 . These frequencies were calculated by dividing the number of colonies on plates with a particular concentration of gentamicin by the number of colonies on plates without gentamicin. The results obtained in experiments with both strains of E. coli were quite similar. The pooled results of nine experiments with E. coli LU110 and five experiments with E. coli ON2 are shown in Fig. 5 . In the initial inocula all bacteria were resistant to 0.25 pLg of gentamicin per ml, and about i0-5 were resistant to 0.50 and 1.0 ,ug/ml. After incubation for 24 h without the antibiotic these frequencies were essentially unchanged; in addition, bacteria resistant to 2 to 8 ,ug/ml appeared at frequencies of about i0-5 to 10-6. In cultures incubated with 0.50 1Lg of gentamicin per ml the frequencies of bacteria resistant to 0.5 to 4.0 ,ug/ml increased considerably, and at 24 h approximately 10% of the bacteria were resistant to 1 to 2 ,ug/ml and about 1% were resistant to 3 and 4 >g/ml. This increase in the frequency of resistant variants was still more pronounced in cultures incubated with 1 and 2 ,ug of gentamicin per ml; in the latter cultures almost all bacteria were resistant to 8 pLg/ml. gentamicin are shown in Table 2 . Bacteria incubated without gentamicin formed no small colonies when cultured on agar plates without gentamicin. Approximately 20% of these bacteria formed small colonies on plates with 0.50 ,ug of gentamicin per ml. This percentage increased with increasing concentrations of gentamicin in the agar, and on plates containing 8 p.g of gentamicin per ml all colonies were of the small opaque type. Approximately 2% of bacteria incubated with 0.50 ,ug of gentamicin per ml produced small colonies when cultured on plates without gentamicin. This fraction of small colonies (2%) is of the same magnitude as the fraction of bacteria resistant to 3 and 4 jig of gentamicin per ml (Fig.   5 ), but it is smaller than the fractions of bacteria resistant to 0.5 to 2.0 p.g/ml (Fig. 5) . This indicates that the majority of bacteria resistant to these concentrations formed normal colonies. The colonies produced by bacteria preincubated with 2 jig/ml were almost all of the small type both on gentamicin-free and gentamicin-containing agar plates. All these bacteria were resistant to 8 ,ug of gentamicin per ml (Fig. 5) , implying that bacteria resistant to these high concentrations of the aminoglycoside always form small, opaque colonies. DISCUSSION These studies illustrate the events that occur in vitro when two strains of E. coli are exposed to gentamicin in broth as is done in MIC titrations. Initially a great proportion of the bacteria were rapidly killed, but this was followed by a considerable regrowth of surviving bacteria during a subsequent overnight incubation. The regrowth was due to the selection and multiplication of resistant variants, which were present at frequencies of 10-4 to 10-6 in the original bacterial populations. Regrowth of resistant variants was always seen after incubation of 106 and 107 CFU of bacteria per ml with 0.5 ,ug of gentamicin per ml and sometimes with 2 jig of gentamicin per ml or higher. In the case of smaller inocula (105 CFU of bacteria per ml), regrowth was sometimes seen during incubation with 0.50 ,ug/ml, but never with 2 ,ug of gentamicin per ml. This pattern is consistent with the observed frequencies of resistant variants in the initial inocula. Bacteria resistant to 0.50 ,ug/ml were present at a frequency of 10' in the initial populations (Fig. 5) . This means that such variants may or may not be included in inocula of 105 bacteria per ml, but will always be included in inocula of 107 bacteria per ml. This explains the effects of inoculum size and the intertube variation seen in MIC determination of aminoglycosides in broth (Tables 1 and 2) .
Aminoglycoside-resistant subpopulations in gram-negative (5, 12, 14, 25, 27) (5, 14, 25, 27) . They also grow more slowly (5, 11, 27) , are more fastidious (27) , and are more susceptible to the bactericidal effect of normal serum (24) . However, many of these results were obtained in experiments where the bacteria had been passaged repeatedly on antibiotic-containing media, which might change their growth properties. In the present experiments the majority of bacteria from populations incubated with 0.5 ,ug of gentamicin per ml formed normal colonies in spite of the fact that a considerable selection of resistant variants had occurred. However, after incubation with 2 ,ug of gentamicin per ml, resulting in the selection of bacteria resistant to 8 gxg/ml, almost all bacteria formed small colonies.
The clinical relevance and pathogenic potential of aminoglycoside-resistant variants is unclear. The appearance of aminoglycoside-resistant, small-colony variants of Enterobacteriaceae in patients on aminoglycoside therapy has been reported (4, 7, 15, 22) . (1, 8) . In several reports resistant small-colony variants were shown to be apathogenic in animal models (11, 27) , although in one investigation the pathogenic potential of these bacteria in rats was demonstrated (16) media. In MIC determinations in solid media the resistant variants form single colonies. Growth of these bacteria will result in an increase in the size of the colonies; however, the total numbers of colonies will remain constant and low (10-5 to 10-6 of the bacterial population; Fig. 5 ), and the colonies will probably go undetected. MIC determinations in solid media therefore reflect the susceptibility of the major part of the bacterial population. In MIC determinations in broth, on the other hand, the test reflects the susceptibility of the more resistant bacteria, which are initially present at a very low frequency. This is in agreement with the observation that, in general, higher MICs are obtained by titration in broth than by titration in solid media.
In the present experiments the MICs of both strains of E. coli, as determined by broth dilution with inocula of 105 to 106 bacteria per ml, were 0.25 to 0.5 ,ug/ml. This is in agreement with the MICs obtained by assay of intracellular ATP at 3 and 6 h in cultures incubated with 107 bacteria per ml (Fig. 2b) . It is also in agreement with the MICs obtained by extrapolation from disk diffusion tests as well as those that can be inferred from the population analysis of 0-h populations, which in effect are MIC determinations in solid media. ATP measurements at 24 h and visual inspection of cultures inoculated with 107 bacteria per ml yielded MICs of 2 ,ug/ml. This did not, however, represent the upper level of aminoglycoside resistance in the bacterial populations. All bacteria in cultures incubated with 2 and 4 pLg of gentamicin per ml were resistant to at least 8 ,ug/ml. However, the regrowth in these cultures was not extensive enough to yield visible growth or levels of intracellular ATP above those of the initial inocula.
Which 
